A hexagonal ferrite-based millimeter wave notch filter was demonstrated. The filter consists of an M-type BaFe 12 O 19 ͑BaM͒ slab sitting on top of a stripline. The band-stop filtering response originates from the ferromagnetic resonance absorption in the BaM slab. The BaM slab has an in-plane uniaxial anisotropy field of 17 kOe. This anisotropy field facilitates the operation of the filter beyond 50 GHz without a need of high external fields. The operating frequency increases linearly with the external field, while the bandwidth versus field profile shows a U-shaped response. The physical mechanisms for these responses were discussed. At present, there is a critical need for the extension of current microwave magnetic device physics into the millimeter ͑mm͒ wave range. This is a critical need for two reasons. ͑1͒ Millimeter waves are recognized as a broadband frequency resource for wireless links. ͑2͒ Electromagnetic radiation at mm-wave frequencies can penetrate clouds, fog, and many kinds of smoke, all of which are generally opaque to infrared or visible light.
Microwave magnetic devices have had a major impact on the development of microwave technology. Since the demonstration of microwave Faraday rotation in ferrites by Hogan in 1952, a diverse range of microwave magnetic devices have been developed, and many of them have found critical applications in both the military and civilian arenas. Examples include circulators, isolators, phase shifters, filters, power limiters, and signal-to-noise enhancers.
At present, there is a critical need for the extension of current microwave magnetic device physics into the millimeter ͑mm͒ wave range. This is a critical need for two reasons. ͑1͒ Millimeter waves are recognized as a broadband frequency resource for wireless links. ͑2͒ Electromagnetic radiation at mm-wave frequencies can penetrate clouds, fog, and many kinds of smoke, all of which are generally opaque to infrared or visible light.
The underlying physical effects in current microwave magnetic devices mainly include Faraday rotation, ferromagnetic resonance ͑FMR͒, field displacement, and spin wave propagation. [1] [2] [3] [4] [5] Whatever the basis for a given device, the operating frequency is determined essentially by the FMR frequency of the magnetic component. The FMR frequency, in turn, is determined mainly by the saturation induction ͑4M s ͒ and effective magnetic anisotropy field ͑H a ͒ of the materials, along with the external static magnetic field ͑H͒. For a magnetic film magnetized along an in-plane easy axis, for example, the FMR frequency is given by
where ͉␥͉ denotes the gyromagnetic ratio. Most of the current devices use yttrium iron garnet ͑YIG͒ or doped YIG ferrites. These ferrites are low-4M s and low-H a materials and, therefore, generally have a low FMR frequency in the GHz range. The net effect is an upper limit on practical operating frequency for compact structures that lies in the 10-18 GHz frequency range. In principle, one can extend this frequency limit through the use of very high external fields. In practice, however, the use of high fields is usually impractical because of the increased size and weight as well as incompatibility with monolithic integrated circuits technology.
With an aim to boost the operating frequency of current microwave magnetic devices, two important strategies have evolved in recent years. One is to use high-4M s ferromagnetic metals to replace the low-4M s YIG ferrites. It has been demonstrated that the use of metallic thin films allows for the practical development of notch ͑or band-stop͒ filters, 6 bandpass filters, 7 phase shifters, 8 and signal-to-noise enhancers 9 that have an operating frequency up to 30 GHz. The second strategy is to use low-loss hexagonal ferrites. The hexagonal ferrites have built-in high anisotropy fields and, therefore, can provide a self-biasing for mm-wave applications in the 30-100 GHz range. Recent simulations have demonstrated rather clearly the feasibility of hexagonal ferrite-based, stripline-type, mm-wave filters and phase shifters. 10 There is also one experimental work that demonstrated a hexagonal ferrite mm-wave notch filter. 8 This filter made use of an M-type BaFe 12 O 19 ͑BaM͒ ferrite film with perpendicular anisotropy. The band-stop filtering response results from the FMR-induced power absorption in the BaM film. The operating frequency ranges from 48 to 50 GHz for an external bias field range of 4900-5400 Oe. This bias field is substantially lower than the requisite field for a YIG-based 50 GHz filter. In principle, one can further reduce this bias field if one uses BaM films with in-plane anisotropy. 11 In practice, this advantage has not been demonstrated yet.
This letter demonstrates a prototype mm-wave notch filter that is based on a BaM slab with in-plane anisotropy. The demonstration uses a stripline device geometry. The BaM slab has an in-plane uniaxial anisotropy field of 17 kOe. This anisotropy field facilitates the operation of the filter over 51-54 GHz for an external field range of 1500-2700 Oe. Note that these fields are only half as large as the bias fields for the filter reported in Ref. 8 . The operating frequency increases linearly with the external field, and the bandwidth versus field profile shows a U-shaped response. These responses can be explained in terms of FMR. The results have a clear implication for the future application of hexagonal ferrite films with in-plane anisotropy in on-chip mm-wave devices. axis along the stripline. An external static magnetic field H is applied parallel to the c axis. The microwave magnetic field h produced by the stripline is to a large degree in the plane of the BaM slab and perpendicular to the c axis. This field configuration ensures a strong coupling between the stripline and the BaM slab.
For the data presented below, the stripline has a width of 0.5 mm and a nominal impedance of 50 ⍀. The BaM slab is 2.3 mm long, 1.3 mm wide, and 0.7 mm thick. The in-plane c axis of the BaM slab was identified by x-ray diffraction measurements. The hysteresis loops of the BaM slab were measured with a vibrating sample magnetometer. The transmission responses of the structure were measured with a vector network analyzer. Figure 2 shows two hysteresis loops for the BaM slab. The circles show the data for a magnetic field along the easy axis ͑c axis͒ of the BaM slab. The squares show the data for a field along the hard axis which is in the plane of the BaM slab and perpendicular to the c axis. The dashed lines indicate the determination of the effective anisotropy field H a .
The data in Fig. 2 give a saturation induction 4M s of about 4.3 kG and an effective uniaxial anisotropy field H a of about 17 kOe. These values are close to the values reported for single-crystal bulk BaM ferrites. 12 The easy axis loop indicates a saturation field of about 2000 Oe and a coercivity of about 25 Oe. The coercivity is so small that the easy axis "loop" is not visible for the field scale used in Fig. 2 . This small coercivity also indicates that the BaM slab is a well oriented single crystal. Figure 3 shows representative data for the filtering response of the device. Figure 3͑a͒ shows the transmission coefficient versus frequency profile for H = 2186 Oe. Figure  3͑b͒ shows the transmission profiles for ten different fields, as indicated. Figures 3͑c͒ and 3͑d͒ show the frequency and bandwidth, respectively, for the notches in Fig. 3͑b͒ . The straight line in Fig. 3͑c͒ gives theoretical FMR frequencies for the fields higher than the saturation field, which is 2000
Oe. The details on the calculation of those FMR frequencies are described shortly. The bandwidth in Fig. 3͑d͒ is defined as the width of the notch at the half of the notch amplitude relative to the background level.
The profile in Fig. 3͑a͒ shows a well-defined band-stop response at 52.5 GHz, with a bandwidth of about 102 MHz and a maximum relative rejection of about 27 dB. The data in Fig. 3͑b͒ clearly indicate that, through a change in the field, one can shift the stop band over a frequency range from about 51 GHz to about 54 GHz. Note that the stop band profile changes with the field, and this is notable especially in the low-field and high-field ends. However, the frequency changes linearly with the field, as shown in Fig. 3͑c͒ , and the width of the stop band remains relatively constant over a certain field range, as shown in Fig. 3͑d͒ . More specifically, the frequency increases almost linearly with the field over 50. .0 GHz; and the bandwidth is 133Ϯ 37 MHz over 51.2-53.5 GHz.
The theoretical FMR frequencies in Fig. 3͑c͒ were calculated with the Kittel equation
where N x , N y , and N z are demagnetizing factors along the thickness, length ͑h direction͒, and width ͑H direction͒ of the BaM slab, respectively. The calculation used a gyromagnetic ratio of ͉␥͉ / 2 = 2.70 GHz/ kOe and demagnetizing factors of N x = 0.54, N y = 0.16, and N z = 0.30. 13 In Fig. 3͑c͒ , one sees a perfect match between the frequencies of the notches and the theoretical FMR frequencies of the BaM slab. This confirms that the observed notch responses originate from the FMR absorption in the BaM slab. One also can see that the theoretical frequencies increase linearly with the field. This linear response is due to the fact that the anisotropy field H a is much larger than the saturation induction 4M s .
The data in Fig. 3͑d͒ indicate that, as one approaches the low-field and high-field ends, the bandwidth increases notably, and the overall response shows a U-shaped behavior. There are two major reasons for this U-shaped response. First, the FMR frequency linewidth ⌬ is related to the magnetic field H by 
where ␣ is the damping constant. One can see from Eq. ͑3͒ that the linewidth ⌬ increases with H. This contributes to the bandwidth versus field response in the high-field end. Second, when the field is lower than the saturation field, the BaM ferrite undertakes a demagnetized state and the overall resonance is broad. This effect contributes to the bandwidth versus field response in the low-field end.
The data in Fig. 3 clearly demonstrate that one can take advantage of in-plane anisotropy hexagonal ferrites to fabricate mm-wave notch filters that are compact and tunable. For a YIG-based notch filter, an operation at 52 GHz requires an external field of 17 700 Oe. For a BaM-based filter, however, the external field needed for the same operation frequency is 1982 Oe only. Such a significant advantage of the BaM filter results from the high in-plane anisotropy field in the BaM slab.
The data in Fig. 3 also indicate that the insertion loss of the filter device is about 20-25 dB, which is apparently too high for practical applications. Fortunately, a large portion of this insertion loss is from the stripline structure, and only a small portion is associated with the loss in the BaM slab. This is clearly shown in Fig. 4 . In Fig. 4͑a͒ , the upper curve shows the transmission profile for the stripline structure only ͑no BaM slab͒, and the lower curve shows the transmission profile for the BaM slab/stripline structure under an external field of 1982 Oe. In Fig. 4͑b͒ , the profile shows the data that result from the subtraction of the upper curve from the lower curve in Fig. 4͑a͒ . The data in Fig. 4͑a͒ indicate that the transmission loss of the stripline structure is about 15-18 dB, while the data in Fig. 4͑b͒ indicate that the loss caused by positioning the BaM slab on top of the stripline is about 3.5-7.5 dB only. In principle, one can substantially reduce the loss in the stripline through the selection of low-loss substrates and the optimization of the structure geometry. For the reduction of the BaM slab-associated loss, possible approaches include the optimization of the ferrite fabrication process and the surface polishing of the slab. In addition, the design of the stripline structure needs to take into account the impedance change introduced by the BaM slab.
It is important to note that there are previous works that used hexagonal ferrite spheres and thick slabs to make mmwave notch filters. [15] [16] [17] Those filters, however, used rectangular waveguide geometries and therefore were not compatible with monolithic integrated circuits. In a stark contrast, the device reported above has a stripline-type planar geometry.
It is also important to note that the BaM slab used in this work was cut from a BaM single crystal which was prepared by a flux melt growth method. This crystal had a low FMR linewidth, and the latter was critical for the realization of the filtering responses. For on-chip mm-wave devices, one needs to use in-plane c-axis oriented BaM films, which can be fabricated by pulsed laser deposition or liquid phase epitaxy. Future work on the growth of low-linewidth BaM films with in-plane anisotropy is of great interest.
In summary, this letter demonstrates the use of BaM slabs with in-plane anisotropy and FMR effects to develop planar notch filters that can operate beyond 50 GHz with a very moderate external field. The filter has a frequency tuning range of 3 GHz. The stop band has a width of about 100-200 MHz. These results provide a strong indication of the feasibility of hexagonal ferrite-based on-chip mm-wave devices. Finally, it is worth noting that one can substantially increase the anisotropy of the BaM ferrites through doping, for example, aluminum. 18 Such doped BaM ferrites can be used to produce devices with even higher operating frequencies. 
